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Abstract
One of the most important criteria to remain competitive in the marketplace is a suitable product design that satisfy requirements of a diverse range
of stakeholders. But, ambiguous, diﬀerent and general description of customer needs, major technological advance and signiﬁcant change from
traditional requirements (cost, performance etc.) to new requirements such as, economic, environmental, ecological and societal consideration
make the design process more complicate. It should be noticed too, while the new requirements have a major eﬀect on the product successfully, the
traditional requirement should not be forgotten by designers. Unfortunately, new issues sometimes are deeply coupled with traditional functions,
so the current design methodologies are not able to consider them in the product design process. In this regard, the development of new design
methods and tools that facilitate design process by consideration new requirements is vital. The Axiomatic Design (AD) approach is one of the
most promising design methodology in the ﬁeld of conceptual design. This method is emerging as a superior method of design, particularly when
innovation versus incremental design is needed. This paper focuses on setting up the redesign of the Beech Baron 58 tail, by using AD method
that integrate with Quality Function Deployment (QFD) and Eco-Design concepts.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientiﬁc committee of The 10th International Conference on Axiomatic Design.
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1. Introduction
In the last decade, product design experienced fundamen-
tal changes in its concept from focusing on performance, func-
tion and durability, to sustainable design criteria such as being
environmentally friendly, considering global warming, reduc-
ing energy consumption, and conducting end-of-product life
cycle management such as reusing, recycling and remanufac-
turing [1]. In addition, sharing components between similar
products, is one of the other new criteria in design process that
could reduce the cost of the family of the product by lessen-
ing the duplication of eﬀort and minimize waste by utilizing
one shared component instead of two or more [2]. Therefore,
Sustainability can be incorporated into all phases of the design
process such as design for environment, design for resources
and energy, design for sustainability [3] and also family prod-
uct design. Considering this kind of requirements, make able
a product or system to work continuously during its life cycle
with lowest level of impact in the environment [1]. Although, it
should be notice that for both designers and consumers, tradi-
tional aspect of design are very important too. In fact, both sus-
tainable and traditional factors should be balanced in the design
process in spite of their deep coupling. In the other word, de-
signers should satisfy today’s needs (sustainable needs), with-
out limiting the satisfaction of traditional requirements.
To satisfy a diverse range of stakeholders and handle the
growing complexity of the product design, many designers are
looking outside of new methodologies for conceptual design
process. However, the mounting intricacy of the conceptual de-
sign phase makes it diﬃcult for even the most experienced en-
gineers to eﬀectively capture and understand the diverse range
of customer demands, much less ensure all of their needs are
met during preliminary design phase [4]. Aircraft manufactur-
ing, a ﬁeld with diﬀerent stakeholders, is even more liable to
have trouble capturing the customer demands. Therefore, it is
critical to have robust, rigorous, and methodical approaches to
early conceptual design of an aircraft for satisfying all of re-
quirements (new and traditional requirements).
A good tool for design complex products is Concurrent
Engineering (CE) that allows the designers to adopt some
diﬀerent design theories and methodologies, such as QFD,
AD, Design for Manufacture and Assembly (DFMA), Value
Engineering (VE) [5] and Sustainable Design in the design
process. Newer ﬁelds, like manufacturing engineering, have
developed a number of methods to improve product design and
development projects based on customer requirements.2212-8271 c© 2016 The Authors. Published by Elsevier B.V.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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Literature has demonstrated that manufacturing New Product
Development (NPD) and construction share a number of
similarities [Formoso, et al., 2002]. Due to this similarity,
methods used in NPD are easily adaptable to the construction
industry [4]. Two popular NPD mythologies are QFD and
AD that both of them are used in this study. This paper
seeks to address an aircraft tail conceptual design process
by using a QFD-AD methodology. This method will work
well with tail design because the design process of the tail
is very iterative. Therefore, suitable identifying of Technical
Requirements(TRs) by using QFD and mapping its result to the
AD process, could reduce the repetition in the design process.
The remainder of this paper will proceed as follows:
Section 2 introduces the AD method brieﬂy, in section 3
and section 4 we deﬁne sustainability and QFD and explains
how this two concept are beneﬁcial to the conceptual design
process by AD approach. Section 5 presents a case study
to demonstrate the application of this theory to redesign of
the empennage of the Beech Baron 58 aircraft. Ultimately,
Section 6 provides a discussion of the results and a conclusion
of the article.
2. Axiomatic Design
The Axiomatic Design method establishes a scientiﬁc the-
oretical basis that gives structure to the design process. Ax-
iomatic Design oﬀers perspectives that most conventional al-
gorithmic design approaches fail to achieve. This algorithm is
not limited to the product-conceptualizing stage but is extended
to include the detailed design and manufacturing process do-
main too [6]. The axiomatic design has been developed in or-
der to merge the standardized design theory with objective and
universal principles [7], that allows the designer to quickly de-
termine what is higher priority and ensures a broader systems
view[8]. The result of using this approach is improving the
design activities by providing the designer, a theoretical foun-
dation based on logical and rational thought processes and tools
[9]. Axiomatic Design could make human designers more cre-
ative, reduce the random search process, minimize the iterative
trial-and-error process, determine the best designs among those
proposed, help the designer to design and represent complex
systems such as the Orbital Space Plane logically and explic-
itly and to endow the computer with creative power through the
creation of a scientiﬁc base for the design ﬁeld [9].
At the heart of the axiomatic design approach, there are two
fundamental axioms govern the design process and identiﬁed
by examining the common elements that are always present in
good designs. These axioms are:
Axiom 1: The independence axiommaintains the independence
of the Functional Requirements (FRs).
The independence axiom requires that the functions of the de-
sign be independent of each other [9]. Designers must come
up with a design that satisﬁes the independence axiom in which
the FRs are maintained independent and then make the design
robust, so that the system range is always in the design range.
This, facilitate the elimination of complexity (real complexity)
in the design process [10].
Axiom 2: The information axiom minimizes the information
content of the design.
This axiom says that the best design alternative among all, is
the one that minimizes the information content. It is simple to
understand that less necessary information means a high prob-
ability of optimization of the task [11]. The information ax-
iom violation and high quantity of information of the design,
increases the complexity of the product design too [12]. There-
fore, it is necessary to minimize the information content of the
design.
The performance, robustness, reliability, and functionality of
products and processes are signiﬁcantly improved when these
axioms are satisﬁed. Conversely, design axioms can be used to
analyses why machine and processes are not working well and
to solve the problems by coming up with alternate designs [9].
3. Sustainable Design
The concept of sustainable development was ﬁrst proposed
by the world commission on environment and development in
1987. Sustainability can be deﬁned as the ability of a prod-
uct or system to work continuously during its life cycle with
the lowest level of impact to the environment. It encompasses,
as show in Figure 1, three elements: environment, economy,
and social considerations [1]. Sustainability has been applied
to many ﬁelds, including engineering, manufacturing and de-
sign [3]. The Product design process is one of the most promi-
nent sustainable development ﬁeld. Sustainable design aﬀects
all stages of the product life cycle from extracting the raw ma-
terial to the end of its life cycle [1]. As an instrument of sus-
tainable development, sustainable design intends to conceive of
products, processes, and services that meet the needs of society
while striking a balance between economic and environmen-
tal interests. Sustainable design decisions would spontaneously
self-assemble in the marketplace too. For this to happen, sus-
tainable design would need to create more business value than
could be captured by designs not considered sustainable [13].
 
 
Fig. 1. Sustainability as the intersection of its three key parts[3].
Generally, there are two related problems to bringing sus-
tainability into the conceptual design process. The ﬁrst prob-
lem is that common sustainability criteria are not robust enough
to provide a complete picture of sustainability, and sustainabil-
ity principles are seldom directly applicable for use in require-
ments speciﬁcation for a new product. The second is that in
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an operative design situation, there is little or no time and data
available to undertake the work to integrate sustainability [14].
Another diﬃculty with sustainable criteria (same eco-factors) is
that they are generally considered to be coupled with the prod-
uct functions. As such, they may be relegated to the status of
constraint too [15], whereas a very important criteria of AD
is that FRs must be deﬁne independently. So it is hard to ﬁnd
how to incorporate sustainable issues into the ADmethodology.
Despite of this problem, in this study, reducing energy con-
sumption, reusing, recycling, using less material, more safety
and health for passengers, minimize direct and indirect cost and
family design, considered as sustainable design criteria for re-
design of the aircraft tail. It is our hope that employ AD with
sustainable consideration will help to design a better tail for the
Beech Baron 58 Aircraft.
4. Quality Function Deployment
4.1. The Anatomy of QFD
All Quality Function Deployment (QFD) is a very well-
known design method, developed in late 1960 in Japan, and
used with the aim of translating CNs and wants into technical
design requirements by means of the use of a series of matri-
ces, called House of Quality(HoQ), with the objective to satisfy
the customers’ expectations improving the quality level of the
product at the same time [16]. In Figure 2, a modiﬁed HoQ that
used in this study is shown. In this ﬁgure, CNs and the degree
of their importance are shown in boxes 1 and 2. Box 3, repre-
sent the customer rating for diﬀerent benchmarks. At this stage
in completing HoQ, some similar products are selected as the
benchmarks. Understanding how customers, rate the bench-
marks can be a tremendous competitive advantage. Eliminat-
ing the trial and error process, speeding up the improvements
process and increasing the eﬃciency of the company in devel-
oping new ideas are the main advantages to use benchmark-
ing [1]. TRs are listed in the top row, boxes 4 to 8, that split
into Non-Functional Requirements (NFRs), Selection Criteria
(SCs), FRs, Optimization Criteria (OCs) and Constraints (Cs),
whereas in the classical AD does not acknowledge these ad-
ditional categories or provide any guidance on how to include
them in the design process. These cause designers to classify
all requirements information as FRs even if much of them are
not functional in nature [17]. In box 9, designer shall deter-
mine the direction of improvement of TRs. Then, the roof of
matrix (box 10), called the correlation matrix, is accomplished
to determine the impact of FRs on each other. The correlation
of functions can be strongly positive with the symbol of (++),
positive with the symbol of (+), negative with the symbol of
(-), or strongly negative with the symbol of (–) [1]. Although
the relationship of CNs and TRs that is deﬁned as high with the
sign Θ, medium with the sign O, or weak with the sign , is
shown in box 11. If there is no interaction between a CN and a
FR, their corresponding cell will be blank. The QFD will pro-
vide the designers with important information, such as the most
important FRs to ensure clients satisfaction, and which Cs are
most likely to hinder the realization of the project. From this
information, designers can determine the most important areas
to invest resources. When the QFD is completed, the designer
moves to AD to complete the design [4].
4.2. The integration of Axiomatic Design and QFD
Needless to say that AD is very creative and applicable ap-
proach to design new product. But, before using AD approach,
designer should deﬁne CNs and their corresponding TRs of the
product. One of the methods to launch new products to market,
quickly and successfully, that is very fundamental to any cus-
tomer driven company, is QFD. This method is very eﬀective
for new product development since, it identiﬁes customer de-
mands and translate them into product attributes [18]. As a re-
sult, AD and QFD approaches could be merge together in order
to develop a market competitive product. The two approaches
are operated consequently in order to create a design solution
that could satisfy all the expectation of customers. On one hand,
the QFD analyses, provided to the designers data regarding to
competitors and the market expectations that provide a strong
background for the development of the solution. The AD ap-
proach is focused on the high-level structure of the product so
allows the choice of the best technical solution regarding de-
coupling (Axiom I) and expected performance (Axiom II). The
advantage of this approach are the reduction of product cost and
better adequacy to the market expectations [19]. In this article,
this joint approach will be applied to redesign an airplane tail
to help the designer to create a better and more optimum tail.
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Fig. 2. Diﬀerent parts of HOQ.
In the following section, the case study is used to demon-
strate the application of using AD methodology to redesign the
tail of the Baron-G 58. A brief introduction provided in sec-
tion 5.1 into Baron-G 58 and the speciﬁcation of its tail. While
Section 5.2 demonstrates how the QFD can help the designer to
map CNs and sustainable criteria into ranked TRs.
5. Case Study
5.1. Case Study Brief
The Beechcraft Baron that is shown in Figure 3 is a light
twin-engine piston aircraft developed by Beechcraft. This air-
plane is a variant of the Travel Air. The model Baron 58 was
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developed from the Baron 55, introducing club seating, dou-
ble aft baggage doors and new gross weight of 5,400 lbs. De-
pending on the variant, the Baron 58 is ﬁtted with either the
continental IO-520 or IO-550 300-hp engine. The Baron 58
can cruise at 200 knots (370 km/h) at 7000 feet (2100 m). The
lengthening of the fuselage increased rear baggage space, as
well as providing more comfortable six-place seating over the
Baron 55 and 56TC [20]. The kind of the tail conﬁguration of
this airplane is conventional. This kind of tail is lightweight,
eﬃcient, and performs under regular ﬂight conditions. Further-
more, the trim analysis, stability analysis, and control analysis
of this conﬁguration is easier than other conﬁgurations [21].
The current aircraft tail conﬁguration is generally presented by
using traditional methodology of design. We try in this study to
demonstrate the advantage of using new methodologies design
to create a more suitable empennage for the Baron-G 58.
Fig. 3. Baron 58 Airplane.
5.2. Mapping CNs to TRs
The ﬁrst step of creating a product is obtaining the Voice
of Customer (VoC). To this purpose we use QFD tool in this
study. Information needed, can be obtained from a range of
sources including, but not limited to surveys, interviews, fo-
cus groups, and observation. Often customers are ambiguous
with their description of needs, and may confuse a physical ob-
ject for FRs. Customers may also provide vague (subjective)
speciﬁcations, or provide very general ideas. Aﬃnity trees and
diagrams can help clarify and assist in the completion of the
list of needs [4]. In this study the CNs that determined for
the tail, summarize to easy manufacturing, low direct and indi-
rect cost, competitiveness, eﬃciency, operational requirements
(e.g., pilot view), beauty, low mass, airworthiness (e.g., safety,
tail stall, and deep stall), survivability (spin recovery), long life
cycle, less material consumption, reusing and recycling. Al-
though, needless to say that the maneuverability and control-
lability, stability and produce adequate forces and moments to
satisfying trim requirement of airplane, are the fundamental re-
quirements of a tail [22]. In addition, Stability and controllabil-
ity are at odds with each other. These very important require-
ments of an aircraft are in contrast with each other. In fact,
the improvement of controllability in an aircraft has a negative
eﬀect on the stability requirement. In the other hand, as the
stability features of an aircraft are improved, its controllability
features are degraded. [21]. Consequently, designer should de-
termine a borderline between stability and control of an aircraft
that deﬁned as handling qualities. Satisfying handling quali-
ties criteria, leads designer to satisfy stability and control re-
quirements too. In Table 1 the CNs and their importance to the
user and corresponding TRs are determined by designer. The
higher-level TRs where further decomposed into the Cs, NFRs,
FRs, SCs and OCs. Each of these ﬁve is then further decom-
posed into high-level TRs for the QFD. In the displayed QFD
Table 1. CNs and corresponding TRs.
Non-Functional Requirements Constrains
Easy manufacturing(8) Eﬃciency(9)
Operational requirements (8) Low mass(8)
Beauty(7) Low cost(8.5)
Optimization Criteria Selection Criteria
Longer life cycle(8) More reusing components(8)
Less material consumption(8) More recycling(8)
CNs for Horizontal Tail(HT) Equal FRs for Horizontal Tail(HT)
Stability and controllability(9) To satisfy longitudinal ﬂying qualities
Airworthiness(9) Be out of dangerous ﬂow
Trim(9) To generate forces satisfying FAR 23.161.c
CNs for Vertical Tail(VT) Equal FRs for Vertical Tail(VT)
Stability and controllability(9) To satisfy directional ﬂying qualities
Survivability(9) To satisfy spin recovery requirements
Trim(9) To generate forces satisfying FAR 23.161.b
 
Fig. 4. QFD for Baron 58 tail redesign.
in Figure 4 only the high-level CNs and TRs are used. The
reasons to approach this from a high-level instead of leaf level
(lowest level) view is twofold: improve clarity and eliminate
unintentional bias towards high-level elements that have more
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leaf-elements [4]. In Figure 4, columns 1 to 3, 6 and 7, 10 to 16,
19 and 20 and 23 to 25 represent Non-Functional Requirements,
Optimization Criteria, Functional Requirements, Selection Cri-
teria and Constraints, respectively. This QFD also provides a
benchmark analysis of 2 diﬀerent existing airplanes. Speciﬁc
information was not available for some aspects of this airplane,
so ratings are based on literature about each of them. AVANTI-
P180 and CARAVAN are two suitable aircraft for benchmark
analysis. Using these diﬀerent airplane as benchmarks helps to
recognize where opportunities exist, and can help designers to
better understand how other designers address, or don’t address,
the VoC [4].
5.3. Decomposition process of TRs
The process of creating a design architecture often follows a
process of decomposition, in which a top-level concept of the
systems required functions is broken down into sub-functions,
and at the same time the most abstract version of its physical
form is broken down into subsystems capable of performing
the sub -functions. From this deﬁnition, decomposition can be
viewed from two perspectives [23]:
• As the deployment and reﬁnement of the high-level func-
tions performed by the technical system. This is called
functional decomposition.
• As the break-down of the means, or design solutions, for
providing the functions. This is often called physical de-
composition.
In Axiomatic Design, decomposition is achieved by zigzagging
back and forth between at least two adjacent design domains,
depending on the scope of the design process. By use of this
zigzagging method, hierarchies for FRs, DPs, and Process Vari-
ables(PVs) are created in each design domain [23]. After de-
termination of CNs and their corresponding TRs, the redesign
of the airplane tail system was done by using the AD zigzag
methodology. As can be seen in the QFD, the high-level FRs
and their design parameters selected to fulﬁl each of these FRs
for Horizontal tail, are:
• FR1= To generate forces and moments for longitudinal
trim according to FAR 23.161.c.
• FR2= To satisfy ﬂying qualities for the mission ﬂight
phase adequately (Level 1 for longitudinal handling re-
quirements).
• FR3= Be out of dangerous ﬂow (wing vortex, wake etc.).
• DP1= Suitable sizing of HT.
• DP2= Suitable sizing of HT.
• DP3= Adequate conﬁguration selection for HT.
and for Vertical tail are:
• FR1= To generate forces and moments for directional trim
according to FAR 23.161.b.
• FR2= To satisfy ﬂying qualities for the mission ﬂight
phase adequately (Level 1 for directional handling require-
ments).
• FR3= To satisfy spin recovery requirements.
• DP1= Suitable sizing of VT.
• DP2= Suitable sizing of VT.
• DP3= Adequate conﬁguration selection for VT.
The selected DPs may also change depending on designers
point of view and experiences. During the AD design process,
the conceptual design should start to take form in the designers
mind. Each continuous step of the zigzag process and expan-
sion of the Design Matrix (DM) will further develop the shelter
form. A design matrix needs to be formulated for each level of
the decomposition to avoid violating the Independence Axiom
[4]. Equation 1 shows the DM for level 1 of the decomposition
process for both HT and VT. This equation demonstrates that
the selected DPs for level 1 satisfy the independence axiom.
⎧⎪⎪⎪⎨⎪⎪⎪⎩
FR1
FR2
FR3
⎫⎪⎪⎪⎬⎪⎪⎪⎭=
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
x 0 0
0 x 0
0 0 x
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎨⎪⎪⎪⎩
DP1
DP2
DP3
⎫⎪⎪⎪⎬⎪⎪⎪⎭ (1)
5.4. Generation of sub-FRs
Generation of sub-FRs is not as simple as identifying a set
of sub-FRs which produces the parent FR. This is because the
set of sub-FRs must take into account the other factors which
impinge on FR creation. Some of this factors are parent DP,
parent-level constrains, and the parent-level DM. The designer
could consider the following guideline for generation sub-FRs.
Guideline1:
To develop a suﬃcient set of sub-FRs, all potential sources of
sub-FRs at a level should be considered. These include, parent
FR, parent DP, parent-level Cs, parent-level DM (as a source of
either potential Cs or sub-FRs), and the set of CNs [24].
Guideline2:
A good order to consider these sources is ﬁrst to deﬁne sub-
FRs based on knowledge of the parent DP. Second, deﬁne addi-
tional sub-FRs in accordance with the parent-level FRs and Cs.
Finally, consider the parent DM and CNs [24].
According to this two guideline, designer could continue the
decomposition process. Equation 1 shows that the design is un-
coupled at the highest level and the independence axiom is not
violated. Next, each of the FRs will be further decomposed.
For brevity, only FR2’s decomposition for VT will be shown,
however, the other FRs will follow a similar decomposition for-
mat. FR2 was chosen because it decomposes to more leaf than
other FRs.
Handling Qualities satisfaction is one of the most important
requirements for an airplane. This criterion is responsible for
two very important functions: longitudinal and directional sta-
bility and controllability. Hence, designer deﬁne two sub-FRs
for FR2 of VT. This two sub-FRs and their corresponding DPs
are:
• FR2.1= To generate adequate stability.
• FR2.2= To generate adequate controllability.
• DP2.1= Satisfying directional static and dynamic stability
adequately.
• DP2.2= Using adequate rudder for controlling airplane in
OEI (One Engine Inoperative) state.
Again this can be mapped into a Design Matrix to ensure that
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the independent axiom in the second level of the design is not
violated. The DM below demonstrate this result.{
FR2.1
FR2.2
}
=
[
x 0
0 x
] {
DP2.1
DP2.2
}
(2)
Since the independence axiom is not violated in this layer, the
third level of decomposition can be created by following the
Zigzag process. First FR2.1 is decomposed into:
• FR2.1.1= To satisfy directional static stability requirement.
• FR2.1.2= To satisfy directional dynamic stability require-
ment.
• DP2.1.1= Positive rate of change of yawing moment coef-
ﬁcient with respect to sideslip angle (0.05 < Cnβ < 0.41).
• DP2.1.2= Damping of roll and Dutch roll mods.
{
FR2.1.1
FR2.1.2
}
=
[
x 0
0 x
] {
DP2.1.1
DP2.1.2
}
(3)
And FR2.2 is broken down into:
• FR2.2.1= To produce enough force for controlling airplane
in OEI state.
• Dp2.2.1= Suﬃcient ruder deﬂection.
Finally, FR2.1.2 is broken down into two sub-FRs:
• FR2.1.2.1= To damp roll mode.
• FR2.1.2.2= To damp Dutch roll mode.
• DP2.1.2.1= Determination adequate roll mode time con-
stant (Tr < 1.4s).
• DP2.1.2.2= Determination adequate value for damping ra-
tio (ξd) and frequency of oscillation(ωd): ξd > 0.08 and
ωd > 0.4.
Since other FRs follows a similar decomposition format, we
shows the sub-FRs and their corresponding DPs without any
access explanation.
• FR1.1= Determine VT parameters.
• DP1.1= Using suitable technique for sizing the tail.
and
• FR3.1= Design adequate rudder for satisfying spine recov-
ery requirements.
– FR3.1.1= Determine rudder area (S R).
– FR3.1.2= Determine rudder chord (CR).
– FR3.1.3= Determine rudder span (bR).
– FR3.1.4= Determine maximum rudder deﬂection
(δRmax).
• DP3.1=Selection suitable rudder design technique.
– DP3.1.1= Selection adequate value for ratio ( S RS v ).
– DP3.1.2= Selection adequate value for ratio (CRCv ).
– DP3.1.3= Selection adequate value for ratio ( bRbv ).
– DP3.1.4= Determination adequate value for (CnδR).
A FR does not need to be further decomposed if its target ob-
ject is diﬀerent than the target object of its parent FR. However,
a DP must still be selected to satisfy this kind of FR. At each
point in the decomposition at which the target object changes
between parent and child, a new target object has been intro-
duced into the decomposition [24]. The complete sets sub-FRs
and sub-DPs for HT, placed along the diﬀerent levels of the de-
sign hierarchy, are:
• FR1= To generate forces and moments for longitudinal
trim according to FAR 23.161.c.
– FR1.1=Determine HT parameters.
• FR2= To satisfy ﬂying qualities for the mission ﬂight
phase adequately (Level 1 for Longitudinal handling re-
quirements).
– FR2.1= To generate adequate stability.
– FR2.1.1= To Satisfy longitudinal static stability re-
quirement.
– FR2.1.2= To Satisfy longitudinal dynamic stability
requirement.
– FR2.1.2.1= To damp long period mode.
– FR2.1.2.2= To damp short period mode.
– FR2.2=To generate adequate longitudinal controlla-
bility.
– FR2.2.1=To produce enough force for controlling air-
plane in take-oﬀ phase.
• FR3= Be out of dangerous ﬂow (wing vortex, wake etc.).
– FR3.1= To avoid horizontal tail stall.
– FR3.1.1=To Consider adequate location of the hori-
zontal tail relative to the wing.
– FR3.1.2=To reduce dangerous ﬂows.
• DP1=Suitable sizing of HT.
– DP1.1=Using suitable technique to determine HT pa-
rameters.
• DP2=Suitable sizing of HT.
– DP2.1=Adequate longitudinal static and dynamic sta-
bility.
– DP2.1.1=(−1.5 < Cmα < −0.3).
– DP2.1.2= Damping short period and long period
modes.
– DP2.1.2.1= ξph > 0.04.
– DP2.1.2.2= .3 < ξph < 2.
– DP2.2=Using adequate elevator for controlling air-
plane take oﬀ phase.
– DP2.2.1=Suﬃcient elevator deﬂection.
• DP3=Adequate conﬁguration Selection for HT.
– DP3.1=
∗ Considering adequate location of the horizontal
tail relative to the wing.
∗ Reducing dangerous ﬂow inﬂuence.
.
– DP3.1.1= Suitable Conﬁguration Selection for the tail
.
– DP3.1.2= Using adequate instrument.
After all the leaf-levels in the diﬀerent branches of the design
hierarchy have been reached, and by using Described axiomatic
decomposition method, the ﬁnal full design matrix for both HT
and VT was constructed in Figure 5 and Figure 6, to conﬁrm
the consistency of the lowest-level design decisions, in terms of
the DM elements. The designer could use this DMs to identify
coupling between the FRs and try to reduce the iterative in the
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conceptual design process of the tail.
Fig. 5. Final DM for HT.
Fig. 6. Final DM for VT.
5.5. Discussion and result of the case study
This case study presented contributed to illustrate the ap-
plicability of the Axiomatic Design method that integrate with
QFD and sustainable design. The main ﬁndings from this Study
are summarized next:
• The designers want to minimize the amount of resources
(in terms of time, manpower, money, etc.) needed to pro-
duce a design. To do that they need to minimize repetition
of the design process. This beneﬁt is similarly provided by
the design axioms that deﬁned in AD theory. The design
axioms reduce the amount of unnecessary repetition in the
design process [24].
• The integration of AD and QFD, make easier the deter-
mination of both traditional and sustainable attributes of a
product in the design process.
• The designer should decompose the TRs into the Cs,
NFRs, FRs, SCs and OCs correctly, and create a paral-
lel classiﬁcation for the information (Figure 7) to reduce
coupling between FRs in the decomposition process.
Fig. 7. Expanded requirements categories for AD[25].
• The ﬁnal full design matrices (Figure 5 Figure 6), demon-
strate that design decisions led to a decoupled design that
is very important for designers, since it indicated which
FRs inﬂuence on the others, before beginning of the sizing
process of the tail.
6. Conclusions
While many design ideas for airplane tails have been pro-
posed, none of them have been able to completely use by de-
signers. This is because they are unable to adequately meet
the stakeholder requirements. In this paper, the Axiomatic De-
sign method was applied to the preliminary conceptual design
of Beech Barons G 58 tail, in order to derive a better conﬁgura-
tions. The method is integrated with two proven design method-
ologies, QFD and Sustainability. QFD is a very well-known de-
sign method that is used to translating the VoC to the designers
and sustainability is a concept that utilized to reduce the impact
of product design to the environments. AD has developed wide
acceptance due to its ability to improve creativity, minimize the
iterative process, and quickly optimize for the best solution [4].
The CNs and Sustainable considerations are mapped into the
FRs and DPs based on the Axiomatic rules by QFD to identify
the minimum set of independent FRs. The result is two DM
that are shown correlations between FRs and DPs. In both of
the DMs the Independence Axiom is satisfying.
Further research will be done to design the new conﬁgura-
tion in detail and compare the result with the current conﬁgu-
ration. The designer should estimate exactly, how much of the
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iterative process could be reducing by using the result of AD ap-
proach(DMs). As a result of this paper, it is very important that
designer could select the best conﬁguration for the tail in the be-
ginning of the design process and this is possible by introduce
an approach based on the second axiom of Axiomatic Design
and QFD. Using Eco-Design and sustainable criteria and other
kind of Technical Requirements such as SCs, OCs, Non-FRs
and constrain could make the structure of this approach.
References
[1] A. Hosseinpour,Integration of Axiomatic Design with Quality Function
Deployment for Sustainable Modular Product Design, University of Mani-
toba, 2013.
[2] D. Freeman, D. W. Lim, E. Garcia, and D. N. Mavris, Methodology for the
Design of Unmanned Aircraft Product Families , International Congress of
the Aeronautical Sciences, 2013
[3] Marc. A. Rosen. and H. A. Kishawy, Sustainable Manufacturing and De-
sign: Concepts, Practices and Needs, Sustainability, pp. 154 -174, 2012.
[4] A. M. F. Gilbert , Lindsey R., Mohammed Omar, An Integrated QFD And
AD Methodology For The Satisfaction Of Temporary housing Stakehold-
ers., Proc. 8th Int. Conf. Axiomat. Des. (ICAD), 2014.
[5] Z. L. P. Goncalves-Coelho, Antonio M., Antonio JF Mourao, Improving
the use of QFD with Axiomatic Design, Concurr. Eng. Vol(13.3), 233-239,
2005.
[6] B. S. El-haik, Axiomatic Quality: Integrating Axiomatic Design with Six-
Sigma, Reliability, and Quality Engineering. Wiley-Interscience publica-
tion, 2005.
[7] Dong-Wan Yoo, Dae-Yeon Won and Min-Jea Tahk, ”Conceptual Design
of a Multi-Rotor Unmanned Aerial Vehicle based on an Axiomatic De-
sign”,International Journal of Aeronautical and Space Sciences(IJASS),
pp.126-130,2010.
[8] Rick Otero,”Case Study: Axiomatic Design of The Space Suttle wing-
Leading Edge”, Proc. 3rd Int. Conf. Axiomat. Des. (ICAD), 2004.
[9] D. G. Lee , N. P. Suh, Axiomatic Design and Fabrication of Composite
Structures: Applications in Robots, Machine Tools, and Automobiles, New
York: Oxford University Press, 2006.
[10] Nam.P.Suh,”Complexity in Engineering”,CIRP Annals - Manufacturing
Technology,54(2), 46-63, 2005.
[11] C.Cavallini,P.citti,L.Costanzo,A.Giorgetti,”An Axiomatic Approach To
Managing The Inforation content In QFD: Application In Material Selec-
tion”, Proc. 7th Int. Conf. Axiomat. Des. (ICAD13), pp. 32-36, 2013.
[12] W. H. Elmaraghy,Hoda A. Elmaraghy,Tetsuo Tomiyama,Laszlo Monos-
tori,”Complexity in engineering design and manufacturing”, CIRP Annals
- Manufacturing Technology.,61(2), 793-814, 2012.
[13] S.J. Skerlosa, W.R. Morrowa, J.J. Michalekb,”Sustainable Design Engi-
neering and Science: Selected Challenges and Case Studies, ELSEVIER
Sustainability Science and Engineering”,Article no 1025,477-525,2005.
[14] A.w.Thompson,S. Hallstedt and O. Isaksson,”Introductory Approach For-
Sustainability Integration In conceptual Design”, INTERNATIONAL DE-
SIGN CONFERENCE - DESIGN, 2012
[15] M.Shine,On the use of axiomatic design for eco-design, Proc. 6th Int. Conf.
Axiomat. Des., pp. 79 - 87, 2011.
[16] F. K. Mario Fargnoli,”Sustainable Design of Modern Industrial Products”,
13th CIRP Int. Conf. LIFE CYCLE Eng., pp. 189 - 195, 2006.
[17] M. K. Thompson, ”A Classiﬁcation of Procedural Errors in the Deﬁnition
of Functional Requirements in Axiomatic Design Theory”, Proc. 7th Int.
Conf. Axiomat. Des. (ICAD13), pp. 107-112, 2013.
[18] P.A Cauchick Miguel, J. Antonio Carnevalli, F. Arajo Calarge”Using Ax-
iomatic Design for minimizing QFD application diﬃculties in NDP: re-
search proposal and preliminary deﬁnition of ﬁrst and second hierarchical
levels”,Product: Management Development, Vol 5, 127 - 132, 2007.
[19] A.D.Taglia,G. Campatelli,”Axiomatic Design QFD: A Case Study of a
reverse engineering system for cutting tools”, Proc. 4th Int. Conf. Axiomat.
Des. (ICAD06), 2006.
[20] https://en.wikipedia.org/wiki/BeechcraftBaron,2015.
[21] M. H. Sadraey, Aircraft design: A systems engineering approach. Wiley-
Interscience publication, 2013.
[22] E. Torenbeek, Synthesis of subsonic airplane design: an introduction to the
preliminary design of subsonic general aviation and transport aircraft, with
emphasis on layout, aerodynamic design, propulsion and performance,
First. Delft University press, 1976.
[23] P. A. Marques,”Value-Based Axiomatic Decompostion(Part I):Theory and
development of The Proposed Method”, in Proceedings of ICAD2013,
2013, pp. 1725.
[24] D. D. E. Tate,A roadmap for decomposition: activities, theories, and tools
for system design,Massachusetts Institute of Technology, 1999.
[25] M. K. Thompson, Improving the requirements process in Axiomatic De-
sign Theory, CIRP Ann. Technol,2013.
150   Mohammadali Shahi Ashtiany and Alireza Alipour /  Procedia CIRP  53 ( 2016 )  142 – 150 
 
